We report the sequence and expression analysis of two new Drosophila members of the Semaphorin family. Both proteins show the presence of Semaphorin domains and transmembrane domains. Both genes are expressed maternally and in embryos, and reveal distinct expression patterns much earlier than the onset of neurogenesis. We also present an overview of the domain structure of all so far known semaphorins in Drosophila. Furthermore, we compared all Drosophila and C. elegans Semaphorins and discuss them in the light of their evolution. q
Results and discussion

Cloning, sequence analysis and properties of two new Drosophila Semaphorins
In our attempts to ®nd Semaphorin-like sequences in Drosophila, we noticed the presence of elements of two novel Semaphorin-like sequences in the STS and EST databases of Drosophila (Louis et al., 1997 , Kopczynski et al., 1998 . Cloning and sequence analyses for these two cDNAs revealed the presence of the Sema domain with its conserved cysteine residues that led to their classi®cation as members of the Semaphorin family. A conceptual open reading frame (ORF) for the ®rst gene contains 759 amino acid residues (molecular size of about 84 kDa, Fig. 1A,D) . The initiating methionine is followed by a stretch containing structural regions characteristic of a secretory signal sequence (von Heijne, 1986) . A second long hydrophobic stretch at the C terminus suggests a transmembrane domain followed by a short cytoplasmic tail (Fig. 1A,D) . The protein shows the closest resemblance to Drosophila Sema 1a with 46% identity within the Sema domain (Kolodkin et al., 1993; Fig. 1C) , and is therefore named Sema 1b according to a new nomenclature (Goodman et al., 1999) .
The second Semaphorin domain containing cDNA codes for a protein of 1081 amino acids (Fig. 1B,D) . As in Sema 1b, the N-terminus of this molecule shows the presence of a signal sequence and the C-terminus a transmembrane spanning segment (Fig. 1B,D) and a short cytoplasmic tail. Sequence comparison reveals no Drosophila counterpart, but it is most homologous to murine Sema 5B (Adams et al., 1996) with 41% identity within the Sema domain (Fig.  1C) . Therefore it is named Sema 5c. It contains seven thrombospondin type I (TspI) and thrombospondin-like repeats (Fig. 1B,D ) that are characteristic of class V Semaphorins.
Comparison of all Semaphorins in Drosophila and evolutionary considerations
Phylogenetic analysis of all known Semaphorins using the Sema domain for comparison showed that the family can be grouped into 3 classes (Fig. 1E) . Class I and II Semas exist in duplicates, while only one member of class V Sema was detected in the Drosophila genome so far.
A comparison between Drosophila and C. elegans Semas using the PROTDIST/NEIGHBOR program (Felsenstein, 1988) showed that most likely class I Semaphorins constitute the ancestral form because they can also be found in C. elegans which allowed us to de®ne a root in the tree (Fig.  1E) . Note that C. elegans does not contain any class II or class V Semaphorins. Class V Semaphorins appear more closely related to class I than class II. Class II Semas appear E-mail address: stefan.baumgartner@medkem.lu.se (S. Baumgartner) as a distinct group, with two closely related molecules, which may have arisen by a recent gene duplication. Both Semas reside within the same chromosomal sub-band, and are likely to be less than 250 kb apart. Furthermore, the duplication must have occurred after the separation of class II and class V Semas.
Spatial distribution of Sema 1b and 5c transcripts
In Northern analyses, Sema 1b transcripts are expressed more widely during embryogenesis than 5c (Fig. 2) . Both genes are expressed maternally, are virtually absent during third larval stage and reappear in late pupa during the last stage of metamorphosis.
Sema 1b is ®rst expressed in early oocytes, and staining is observed in ovarioles and nurse cells (Fig. 3A,B ). In stage 2 embryos staining is uniform due to the presence of a smaller, putatively maternal RNA species ( Fig. 2A; Fig.3C ). At stage 5, two lateral stripes of one to two cell width appear ( Fig. 3D and E) . These meet at stage 8 due to ventral furrow invagination as part of gastrulation (Fig. 3F ). This movement of cells during this period is similar to the migration of the meso-ectodermal cells that line the ventral neurogenic region. A similar pattern has also been seen in the expression of the single-minded gene (sim, Fig. 3G ). Interestingly, Sema 1b expression decays rapidly at the time point when sim expression becomes apparent, suggesting that Sema 1b may induce sim expression. No altered Sema 1b pattern was observed in sim mutants (data not shown), suggesting that Sema 1b is acting upstream or in parallel to sim. At later embryonic stages, the expression is seen primarily in the ectoderm and starts getting diffused as the development proceeds (Fig. 3H±J) . No staining was observed in either the PNS or the CNS in any of the later stages suggesting that this molecule is probably not involved directly in the neural functioning.
The Sema 5c RNA is present right from the earliest developmental stages. The weak expression in the stage 10 oocyte and uniform expression in stage 2 embryo (Fig. 4A,B) suggest the presence of maternal contribution. At blastoderm stage, a stripe pattern of six stripes emerges, of which the anterior three stripes are considerably stronger than the posterior three stripes (Fig. 4C,D) . In addition, dorsal lateral extensions of the stripes are observed (Fig.  4D, arrow) . During germband extension, the stripe pattern re®nes to 12 stripes that also become weaker (Fig.4E) . At this stage, expression is also observed in the region of amnioserosa (Fig. 4E) . At stage 10, expression is most prominent in the mesoderm (Fig. 4F) . Late stages of embryogenesis show strong expression at muscle attachment sites (Fig. 4G±I) , the visceral mesoderm of the anteriormost part of the midgut (Fig. 4H ) and in the dorsal vessel (Fig. 4I) .
Several genes have been reported to be expressed in two bilateral stripes: ventral nervous system defect (vnd, Jimenez et al., 1995) , intermediate neuroblast defective (ind,Weiss et al., 1998) , and the Enhancer of split E(spl) genes (Wech et al., 1999) . Of these, only the E(spl) genes show overlapping expression with sema 1b.
Sema1b was shown to bind biochemically to plexins which are neuronal surface molecules (Winberg et al., 1998) . When expressed ectopically, it can also interact genetically with plexins (Winberg et al., 1998) . Our data (Felsenstein, 1988) using only Sema domains of ®ve known Drosophila Semaphorins and two known C. elegans Semaphorins for comparison. Note that C. elegans does not harbour class II nor class V Semaphorins. Class I Semaphorins appear to be the ancestral form of Semas because they appear also in C. elegans which allowed to root the tree. (A) 1 RNA. The stage of the embryonic RNA is denoted in hours after egg laying. L3 is from the third instar larval stage, P from late pupal stages and A from adult males and females. Two transcripts are detected which might derive from differentially polyadenylated mRNAs. To estimate equimolar loading, the blot was re-hybridized with a ribosomal S19 probe (Baumgartner et al., 1993) . (B) Northern blot analysis of different stages throughout the Drosophila life cycle with a Sema 5c cDNA. Each lane contains 5 mg of poly (A) do not show any substantial expression of Sema 1b in the CNS. We cannot exclude, however, that the levels of Sema 1b transcripts is below our detection levels, and that the genetics of interaction is much more sensitive. On the other hand, it is also plausible to assume that one Sema can replace the function of another; consequently, another Sema of the same class expressed at the right location could exert the expected function.
Experimental procedures
DNA and RNA techniques
Southern and Northern blot analyses were performed using standard procedures (Maniatis et al., 1982) . RNA was extracted by the guanidium thiocyanate/phenol/chloroform extraction method (Chomczynski and Sacchi, 1987) . Poly(A) 1 RNA was isolated using a Pharmacia Kit (Pharmacia).
Whole-mount in situ hybridizations were conducted using digoxigenin-labelled cDNAs (Tautz and Pfeif¯e, 1989) .
Accession numbers
Our longest cDNA of Sema 1b was sequenced in a large concatemer sequencing approach published by Yu et al. (1997) , and appears there under accession number AC007697. The Sema 1b gene resides on BACR12C23. The accession number of Sema5c is AF198084, and the gene resides on BACR10G16. Sema 2b resides on DS00649 (AC004249).
